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Accurate performance prediction for a system utilizing 
solar energy requires accurate estimates of the solar 
radiation received by the collector surface. This thesis 
compares the performance of five different diffuse solar 
radiation models in estimating the diffuse radiation received 
by a tilted surface in the warm, humid climate of Central 
Florida. 
The following models were studied: Isotropic Model, 
Temps and Coulson Model, ·Klucher Model, Hay Model, and Perez 
Model. The models were evaluated for both a fixed south 
facing surface and for three different tracking schemes 
suitable for photovoltaic applications. Model estimates were 
then compared to solar radiation data collected at the 
Florida Solar Energy Center, Cape Canaveral, Florida. 
Based on smallest root-mean-square error, the Perez 
model gave the best performance. For all the models, the 
root-mean-square error for the tracking surfaces was 
significantly greater than that for the fixed south facing 
surface. Actual solar radiation received by a tracking 
surface was greater than indicated by model estimates, and 
was most evident on clear days for the early morning and late 
afternoon hours. 
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Changes in the mean bias error for different periods of 
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Accurate performance prediction for a system utilizing 
solar energy requires accurate estimates of the solar 
radiation received by the collector surface. Since long term 
insolation data is not generally available for the particular 
inclination or tracking mode being evaluated, solar radiation 
models are used to predict insolation on tilted surfaces from 
known long term average solar radiation on horizontal 
surfaces. Additionally the direct normal radiation component 
must be known or determined by means of a correlation using 
the insolation on a horizontal surface. 
Available data is generally from the SOLMET (SOLar 
METeorological) data base containing corrected . measurements 
of hourly horizontal solar radiation and from the ERSATZ data 
base containing modeled horizontal solar radiation data. 
Estimates of direct normal radiation are also available from 
both these data bases. Accuracy of these estimates depends 
on the algorithm used to derive them. Measured direct normal 
radiation data is not generally available (Knapp and Stoffel, 
1982). 
Several correlations are available to determine the 
diffuse radiation on a horizontal surface if the total 
horizontal radiation is known. Although some of these 
correlations are accurate on a lon~ term basis, on an hourly 
basis standard deviations are typically 20 percent (Brink 
1983). With the diffuse radiation on a horizontal surface 
known, the direct normal component can be determined by a 
straightforward geometrical relationship between the sun and 
the surface of interest. 
Even with accurate data for total horizontal radiation 
and the direct normal radiation, predicting the diffuse 
radiation on a tilted surface is not straightforward since 
the distribution of diffuse --sky radiance is extremely 
dependent on sky conditions. Figures 1 through 3 show 
diffuse sky radiance distributio~ for a clear sky, overcast 
sky, and partly cloudy sky. 
Several diffuse radiation models have been developed to 
account for these variabilities of sky conditions. The 
purpose of this study was to evaluate their performance with 
respect to insolat1on data collected at the Florida Solar 
Energy Center, Cape Canaveral, Florida. The models studied 
are: Isotropic Model, Temps and Coulson Model, Klucher 




Figure 1. Diffuse Rad~ancI Distribution for a Clear Sky. 
(Units: Wm- sr- ) Position of the Sun is 
Shown by • The Stepped Outer Curve Represents 
the Local Horizon. Zenith Angle is Oenoted 
by Horizontal and Vertical Coordinates. (From 





Figure 2. Diffuse Rad~ancr Distribution for an Overcast Sky. 
(Units: Wm- sr- ) Position of the Sun is 
Shown by• The Stepped Outer Curve Represents 
the Local Horizon. Zenith Angle is Denoted by 
Horizontal and Vertical Coordinates. (From Hay 




Figure 3. Diffuse Radiance ~istfibution for a Partly Cloudy 
Sky. (Units: Wm- sr- ) Position of the Sun is 
Shown by • The Stepped Outer Curve Represents 
the Local Horizon. Zenith Angle is Denoted by 
Horizontal and Vertical Coordinates. (From -Hay and 
McKay, 1985, with permission). 
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The model performances were evaluated for both a fixed 
south facing surface and for tracking systems suitable for 
photovoltaic applications. Data for three different tracking 
systems was available: two-axis tracker, SMUD type tracker, 
and azimuth tracker. Since the SMUD and azimuth trackers are 
essentially combinations of the fixed axis and two axis 




Nature of Solar Radiation 
Outside the earth's atmosphere, the radiation emitted by 
the sun in the direction of the earth is nearly constant. 
High altitude balloons and spacecraft have determined the 
value of the solar constant Gsc to be 1353 W/m2 • A variation 
of +3 percent of this value is caused by changes in the 
distance between the sun and the earth as the earth traverses 
its eccentric orbit around the sun. According to Duffie and 
Beckman (1980), sunspot activity may also cause a variation 
of up to 1.5 percent in the solar constant. However, they 
suggest ignoring this variation for engineering purposes 
because of the uncertainties and variability of atmospheric 
transmission and because of the unreliability of the 
measurements taken concerning the sunspot activity. 
As the solar radiation enters the earth's atmosphere it 
is subject to scattering and absorption. Scattering causes 
an angular redist~ibution of the energy, while absorption 
converts the energy into heat. 
7 
As reported by Watt (1980) there are four types of 
atmospheric scatterers: 1) dry air oxygen and nitrogen 
molecules, 2) water vapor molecules, 3) dust and pollen 
aerosol, and 4) water droplets and ice crystals. The amount 
of scattering and the direction depend on particle size and 
shape as well as the wavelength of the incident energy. For 
overcast sky conditions, radiance is approximately uniform 
over the sky hemisphere, and an isotropic sky is a good 
assumption. For partly cloudy and clear skies, forward 
scattered radiation creates anisotropic sky conditions where 
the radiance of the sky for both immediately around the sun 
and at the earth's horizon is increased. This area of 
enhanced radiation around the sun is called circumsolar 
radiation. The anisotrophy·-of the sky at the horizon is 
called horizon brightening. 
The circumsolar radiance component extends from the sun 
out to an angle where the sky's radiance becomes more slowly 
varying. Depending on the relative amounts of large and 
small scatterers present, the radius will vary from a low of 
2 to 4 degrees to a high of 10 to 20 degrees. The intensity 
of the radiation within the circumsolar region varies as 
l/(angular radius)x, with x ranging from 1 to 3. The lower 
value of x is used when the direct normal radiation is low. 
8 
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Large particles with respect to the wavelength, such as 
pollens, produce small angle forward scattered energy. High 
relative humidity can also cause smaller particles to swell 
and act as large particles. Large particle scattered energy 
is mostly contained within the field of view of a normal 
incidence pyrheliometer, so decreases in beam radiation from 
large particle scattering are not fully detected by 
pyrheliometer measurements. The construction of 
pyrheliometers, such as the Eppley normal incidence 
pyrheliometer with an aperture angle of 5.7 degrees, 
essentially redefines beam radiation from the sun to include 
circurnsolar radiation immediately surrounding the sun. Since 
the sun subtends an angle of nominally 0.53 degree, the 
pyrheliometer sees an area cf the circumsolar sky over 100 
times greater than the sun's area. 
A study by Jays and Vant-Hull (1976) demonstrates this 
point. With the pyrheliometer aperture angle reduced to 2 
degrees, readings were as much as 11 percent less for a day 
with thin unifo~m cloud cover and a solar elevation less than 
32 degrees. On clear days, the aperture reduction had little 
effect. A greater proportion of the circumsolar radiation is 
closer to the sun on clear days. 
10 
Outside the circumsolar region, diffuse radiation is 
from the presence of small scatterers. For clear skies of 
arid regions, radiance will vary from 30 to 40 W/m2-steradian 
at the circumsolar boundary down to 10 to 20 W/m2-steradian 
at 90° from the sun. Because increased concentrations of 
water vapor molecules cause increased amounts of scattered 
energy, moist air regions will have radiances of several 
hundred W/m2-steradians. Sunlit clouds have radiances on the 
order of 1000 W/m2-steradian. As a reference, a clear day 
sun has a radiance of 1.5 x 107 W/m2-steradians. 
Horizon brightening becomes noticeable primarily on 
clear days and is the result of increased scattering as the 
result of a longer pathlength near the horizon. Clear day 
measurements by Temps and Coulson (1977) showed diffuse 
radiance was 40 percent greater near the horizon than at the 
zenith. 
According to Duffie and Beckman (1980), absorption of 
solar radiation by the atmosphere is dependent on wavelength 
and atmosphere composition. Short wavelength radiation such 
as x-rays are absorbed high in the ionosphere by primarily 
nitrogen and oxygen. Ozone absorbs most of the ultraviolet 
wavelengths. Carbon dioxide and water vapor absorb virtually 
all wavelengths greater than 2.5 microns. Water vapor also 
has strong absorption bands centered at 1.0, 1.4, and 1.8 
microns. Wavelengths not absorbed by the atmosphere and 
which are therefore of interest for solar energy 
applications, are primarily between 0.29 and 2.5 microns. 
11 
The total solar radiation incident on a surface is the 
sum of the direct normal radiation component, the diffuse 
radiation component, and the ground reflected radiation 
component. The direct normal component is a function of the 
pyrheliometer measurement of direct normal radiation and the 
angle of incidence of the sun's rays. Angle of incidence is 
a geometrical relationship and the equations used to 
determine it are described in the appendix along with a 
method to determine the grouRd reflected radiation. 
The diffuse radiation component is comprised of 
radiation from the circumsolar region, the horizon 
brightening region, and the sky hemisphere. Different 
methods used to determine diffuse radiation are described in 
the next section. 
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Model Descriptions 
Each of the models predict the diffuse radiation on a 
tilted surface by a different method. A description of each 
of the models is in the following paragraphs. 
Isotropic Model 
The isotropic model as described by Liu and Jordan 
(1963) assumes an isotropic sky hemisphere where the diffuse 
radiation on a tilted surface is represented by the equation: 
where IdH is the diffuse radiation on a horizontal surface 
and ~ is the slope of the surface from horizontal, see Figure 
4. 
The simplicity of the isotropic model is one reason for 
its popularity. But as shown by Klucher (1978) this model is 
generally only appropriate for overcast sky conditions where 
there is little direct radiation and the sky has uniform 
diffuse radiation. 
Temps and Coulson Model 
A study by Temps and Coulson (1977) investigated the 
non-isotropic sky conditions for clear skies. By taking a 
13 
Figure 4. Isotropic Model Diffuse Radiance Distribution. 
14 
series of pyranometer measurements with the pyranometer 
oriented at different azimuths and slopes, they were able to 
demonstrate the anisotropy of the diffuse radiation from the 
sky hemisphere. The observation site was near Davis, 
California. As an indication of sky clearness during the 
measurement period, for a sun elevation of 34 degrees the 
diffuse component contribution was 16 percent of the total 
radiation on a horizontal surface. 
Temps and Coulson showed that increased diffuse 
radiation intensities near the horizon and in the circurnsolar 
region of the sky exists for clear days. Intensity of the 
diffuse radiation was about . 40 percent greater near the 
horizon than at the zenith and this gradient was strongest at 
low elevation angles. They determined the following 
expression for clear day diffuse radiation on a tilted 
surface: 
where e is the solar in?ident angle to the surface and 9z 
is the solar zenith angle, see Figure 5. 
15 
Figure 5. Temps and Coulson Diffuse Radiance Distribution. 
This equation is similiar to the isotropic model 
equation with additional terms to account for horizon and 
circumsolar brightenning. The term 1 + sin3( ~/2) accounts 
for horizon brightening and the term 1 + cos2e sin3ez 
accounts for circumsolar brightening. 
· For other than clear sky conditions, this model will 




Klucher (1978) developed an anisotropic model for all 
sky conditions based on the Temps and Coulson clear sky model 
by applying a modulating function Fk to the horizon and 
circumsolar .brightening terms to account for sky conditions 
as they vary from clear to overcast. The diffuse radiation 
on a tilted surface is represented by the equation: 
where Fk = l-(IdH/r 8 >2. For overcast conditions, the ratio 
Id8 /r 8 is unity, Fk becomes zero and the Klucher model 
reduces to the isotropic model, see Figure 6. 
17 
Figure 6. Klucher Model Diffuse Radiance Distribution. 
18 
For clear conditions, the ratio IdH/IH is small, Fk 
becomes close to unity and the Klucher model approximates the 
Temps and Coulson anisotropic clear sky model. 
Hay Model 
Hay (1980) developed an anisotropic model that assumes 
the diffuse radiation received by a surface is the sum of the 
circurnsolar radiation corning f rorn the direction of the sun 
and of uniform diffuse radiation corning from an isotropic sky 
condition. The anisotropy index used to weigh the relative 
importance of these two sources of diffuse radiation is the 
ratio of direct radiation received at the earth's surface to 
the extraterrestrial radiation outside the earth's 
atmosphere. The Hay model represents the diffuse radiation 
on a tilted surface by the equation: 
IdTE= IdH [ck cos e /cos ez)+(l-k) Cl+cos 13 )/2] 
where k=InN cos 9z/G0 , the ratio _of direct radiation on a 
horizontal plane at the earth's surface to the 
extraterrestrial radiation on a horizontal surface, see 
Figure 7. 
19 
IdTE= IaH [<k cos e /cos 9z)+(l-k) (l+cos ~ )/2] 
Figure 7. Hay Model Diffuse Radiance Distribution. 
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For overcast conditions, k becomes zero and the Hay 
model reduces to the isotropic model, just as was seen for 
the case of the Klucher model. Unlike the Klucher model and 
the Temps and Coulson model, there is no term to account for 
horizon brightening. 
Perez Model 
The anisotropic diffuse radiation model developed by 
Perez et al. (1983) represents the anisotropy of diffuse 
radiation by the use of a circular region around the sun and 
a band at the horizon, of which both regions have enhanced 
radiation. The rest of th~ - sky is assumed isotropic. The 
disk, or circular region around the sun, is used to represent 
circumsolar radiation. The--band at the horizon represents 
horizon brightening. The angular radius of the disc was 
chosen to be 15 degrees and the horizon band height was 
chosen to be 6.5 degrees. Geometric relationships are used 
to determine how much of the band and disk are seen by the 
tilted surface for a given sun position. 
The Perez model is represented by the foilowing equation 
for diffuse radiation on a tilted surface. 
= IdH [:~~=~~:-~_)+~~==:~:-~-~~:===~~~~=in--~~ (F~==:~-~-~=] 
1+2 (1-cos a) (Fl-1) Zh+.5 Cl-cos 2 s) (F2-l) 
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where Fl and F2 are the enhancements within the disk and 
band. The first term in the numerator accounts for the 
amount of isotropic sky seen by the tilted surface. The rest 
of the terms are used to represent the amount of horizon band 
and circumsolar disk seen by the tilted surface for different 
solar azimuths and elevations, see Figure 8. 
The magnitudes of enhancement of Fl and F2 are a 
function of three parameters describing the sky condition: 
horizontal diffuse radiation IdH' solar zenith angle 9z and 
the ratio of horizontal diffuse plus direct normal radiation 
to horizontal diffuse radiation, (IdH+InN)/IdH· 
Fl and F2 were established empirically from solar 
radiation data taken at Albany, New York, with a normal 
incidence pyrheliometer and eight pyranometers. One 
pyranometer was mounted horizontally, four mounted vertically 
facing respectively east, south, west and north, and three 
were mounted facing south tilted at angles of 33, 43 and 53 
degrees. The latitude of Albany is 43 degrees. Tilted and 
vertically mounted pyranometers were equipped with artificial 
horizons to eliminate ground reflected radiation. For a 
given set of measurements, Fl and F2 were determined by a 
least square fitting of the observed values on the three 
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IdTE = IdH [:=~===~=-~-)+~~===~=-~-~~:~==~:~~:~--:~~:===~=-~-~=] 
1+2 (1-cos a) (Fl-1) Zh+.5 Cl-cos 2 ; ) (F2-l) 
Figure 8. Perez Model Diffuse Radiance Distribution. 
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south facing tilted pyranometers and the four vertically 
mounted pyranometers. The values of Fl and F2 are available 
in the form of 5x6x7 matrices. The appropriate value is 
selected from the matrix as a function ·of the three 
parameters describing the sky condition. For overcast skies, 
both Fl and F2 equal one, and the Perez model also reduces to 
the isotropic model. 
Perez and Stewart (1984) established additional matrices 
for Fl and F2 for San Antonio, Texas, and tested both Albany 
and San Antonio coefficients at the San Antonio site. For 
very clear days site dependency was noticeable. But overall, 
choice of coefficients did not have a major influence on the 
performance of the model. 
San Antonio coefficients were used for the purpose of 
this study since they would more likely be representative of 
the Cape Canaveral site conditions. 
Test Site and Data Acguisition 
Insolation data taken to validate the diffuse radiation 
models was recorded at the photovoltaic tracking test 
facility located at the Florida Solar Energy Center, Cape 
Canaveral, Florida. The photovoltaic tracking test facility 
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has been operational since early 1985. It was developed in 
order to conduct side-by-side performance tests of flat-plate 
photovoltaic arrays and to determine performance benefits of 
one-axis and two-axis tracking systems. 
Four trackers manufactured by Intersol Power Corporation 
are at the site, permitting four different tracking modes to 
be tested, see Figure 9. A tracker operates in each of the 
following modes: 
Two-axis tracking: Both azimuth and tilt angle are varied 
to keep the sun's rays perpendicular to the array 
surface. 
SMUD-type tracking: Horizontal axis is fixed in the 
north-south direction and the array rotates about this 
axis, facing east in the morning and west in the 
afternoon. Maximum tilt for this system is 45 degrees 
from horizontal. 
Azimuth tracking: Array tilt is set at the site latitude of 
28.4 degrees and the array rotates about a vertical 
axis, following the azimuth of the sun. 
Fixed: The array i9 in a fixed position facing directly 
south with the tilt set at the site latitude of 28.4 
degrees. 




An Eppley precision spectral pyranometer (PSP) is 
installed on each of the trackers to measure the total 
insolation received on the tilted array. An Eppley normal 
incidence pyrheliometer is installed on the two-axis tracking 
system to measure direct normal radiation. Total solar 
radiation on a horizontal surface is measured with a 
pyranometer mounted a short distance from the trackers. 
A Fluke model 2280-A datalogger scans pyrheliometer and 
pyranorneter readings every 10 seconds. At the end of a six 
minute period, the datalogger transmits an average reading to 
the Florida Solar Energy Center central computer (DEC VAX 
750). A total of 10 averaged six-minute readings are 
recorded each hour for each-data channel. Software for the 
central computer manages the data arrival and the data 
storage. Additional software permits retrieval of the data 
for research and data analysis purposes. · 
CHAPTER III 
PERFORMANCE COMPARISON 
To determine how well the models predicted diffuse 
radiation on a tilted surface, and how they compared with one 
another, a data file of measured insolation was compiled. 
Model performance was then evaluated for the following 
criteria by the methods indicated: 
1. Overall performance - root mean square error and mean 
bias error 
2. Type of day performance (clear, overcast, partly cloudy) 
sign test 
3. Seasonal effects - mean bias error 
4. Time of day effects - residual plots 
5. Graphical analysis - scatterplots 
6. Relative performance for different tracking systems -
enhancement ratios 
Data File of Measured Insolation 
Insolation data for this study was available for July 
through December 1985. The data for this period was 
carefully screened to eliminate · days where obvious errors 
such as pyrheliometer misalignment, missing pyranometer 
readings, or tracking malfunctions occurred. This yielded 59 · 
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days of useable data. In order to evaluate data only in the 
recommended operating range of the pyranometers, data for sun 
elevations less than 10 degrees was ignored. The days of the 
month that are used in this study are given in Table 1. A 
15-day subset of this data was selected to illustrate 
seasonal, type of days, and time of day effects. 
Uncertainty of Measurements and Calculations 
Because the uncertainty in the pyranometer and 
pyrheliometer measurements will cause uncertainties in 
calculations using these quantities, it is important to 
perform an uncertainty analysis on the instrumentation, the 
diffuse radiation models that rely on these instrument 
measurements, and of the st~tistical criteria used to 












CALENDAR DAYS USED IN STUDY 
============================================ 
DAYS OF MONTH 
3,4,5,10,12* · * * * * * 
11,12,17,18 ,19 ,22,23 ,24 ,26 ,28 
5,6,8,10,11,15,30 
1' 2' 3., 5 '6' 10 '11'l7'18' 19 '21, 2 2 * 
5,6,7,8,l0,13,14 ,~3,2~,29*,30 * 
1 ,6,7,8 ,12,15,16 ,17 #18 ,20,21,24,29,31 
============================================ 
* Part of 15 Day Subset 
Uncertainty of Instrument Readings 
Direct normal radiation was measured using an Eppley 
normal incidence pyrheliometer. Horizontal radiation and 
total radiation for a tilted surface were measured using 
Eppley precision spectral pyranorneters (PSP). Typical 
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operating uncertainties of the pyrheliometer and pyranometer 
are given in Table 2 based upon Flowers (1977), Latimer 
(1980), and data given by the manufacturer. 
TABLE 2 
UNCERTAINTY OF INSOLATION MEASURING INSTRUMENTS 
===================== ================ 
Pyrheliometer 
























0< 6 <70 
70< 6 <80 
0< 6 <70 
70< 6 <80 
===================== ===============- ==================-
As indicated in the table, in addition to the 
uncertainties that -the pyrheliometer is subject to, the 
pyranometer has uncertainties classified as cosine error, 
azimuth error, and tilt error. 
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Cosine error is caused by the sensor having a surface 
whose absorptance is dependent on the angle of incidence. 
Misalignment of the thermopile and glass dome, and 
imperfections or inaccurate grindings of the glass domes can 
also be contributing factors. 
Azimuth error is the result of variations in absorption 
depending on azimuth angle. This is caused by imperfections 
in the sensor surface and glass domes, and misalignment of 
the thermopile and glass domes. 
Tilt error is the change in response when the 
pyranorneter is tilted from the horizontal. When tilted, 
convection patterns betweeri-the "hot" thermopile and glass 
dome are altered, resulting in a possible change in response. 
The magnitude of this error has been shown to be dependent on 
the particular make and model of pyranometer. In addition, 
there has been considerable disagreement between different 
authors on the value of this uncertainty. For the Eppley 
PSP, Norris (1974) attributed errors up to 11 percent when 
vertically mounted. Latimer (1980) indicated 1 percent error 
for the same installation, while Flowers (1977) indicates an 
error of 0.5 percent. Anderson, et al., (1981) found no 
response variation due to tilt angle. The difference in 
results is generally attributed to different test methods 
used. A reasonable value for tilt error appears to be o.s 
percent. 
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The root mean square uncertainties from Table 2 for the 
appropriate instrument may be used as the uncertainty of the 
measured radiation values. However, part of the uncertainty 
in the pyranometer measurements may be reduced by comparing 
pyranometer readings with all pyranometers positioned 
horizontally, and obtaining a correction factor to make all 
pyranometers read alike. This comparison was performed on 
December 19, 1985, under clear sky conditions and near midday 
to eliminate cosine and azimuth error effects. Results 
indicated that the four pyranometers mounted on the tracking 
arrays were in agreement wifh each other within 1 percent, 
while the pyranometer used for the horizontal reading read 
consistently 9 percent high. All but 1 percent of the 
discrepancy was found to be the combined result of a software 
integration error and of the calibration constant used for 
that particular instrument. An error in the software used to 
integrate the readings taken every 10 seconds over the 
6-minute period accounted for a 3 percent error. The 
calibration constant used for the pyranometer had been 
determined by FSEC and was 5 percent higher than the constant 
determined concurrently by Eppley. All the other 
pyranometers used calibration constants determined by Eppley. 
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After applying a 9 percent correction factor to the 
pyranometer used for the horizontal readings, all 
pyranometers read within 1 percent of each other. (Because a 
different pyranometer for horizontal readings had been used 
prior to October 8, a separate correction factor was applied 
to it by a similar procedure.) Since for this project, 
relative accuracy of the different pyranorneter readings is 
more important than absolute accuracy, the pyranorneter 
stablity per year uncertainty may then be reduced from 2 
percent to 1 percent. 
For specific pyranometer applications, further reduction 
in the uncertainty is possible. Since the two-axis tracker 
pyranometer always has an i~cidence angle of zero, azimuth 
error and cosine error are not applicable. Also for overcast 
skies and low direct normal radiation, cosine error for 
incident angles from 70-80 degrees can be reduced to 1 
percent since most of the radiation recorded comes from the 
sky hemisphere and not by a direct path from the sun. 
Table 3 lists uncertainties in the insolation 
measurements after incorporation of the preceding 
observations. 
TABLE 3 





IT (Fixed Tilt) 





2.3 0< 9 <70 
3.6 70< 9 <80 
Sarne as for IH 
1.8 
==================== 
Uncertainty of Actual Diffuse Calculations 
Because there is some uncertainty in the pyrheliorneter 
and pyranometer measurements, use of these measurements in 
calculations will create an uncertainty in the desired 
calculated results. An estimate of the uncertainty in the 
calculated result can be made by the method outlined by 
Holman (1971) where the result R is a given function of 
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Letting w be the uncertainty in the result and w1,w2···wn be 
the uncertainty in the independent variables 
w = [ < w 1 a R/ a x 1 > 
2 + < w 2 a R/ a x 2 > 2 + < w n a R/ a x n > 
2 J 1 I 2 
Using the above procedure, the uncertainty in the calculated 
I 
results is determined in the following paragraphs. 
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Diffuse Radiation on the Horizontal. Although the diffuse 
radiation on the horizontal was not measured directly, it can 
be calculated from measurerd values of the total horizontal 
radiation and the direct normal radiation. 
Using the uncertainties for the pyrheliometer and pryanometer 
measurements shown in the previous section, the uncertainty 
for the diffuse radiation on the horizontal becomes. 
Actual Diffuse Radiation on· a Tilted Surface. The actual 
diffuse radiation on a tilted surface was also not measured 
directly, but tilt radiatio·n can be calculated by knowing the 
total radiation on the tilted surface, the direct normal 
radiation, and the amount of ground reflected radiation. 
Examination of a graph of measured and calculated values 
for isotropic reflected radiation by Hay (1985) provides a 
rough estimate for the uncertainty of the isotropic reflected 
radiation component of about + 25 percent. Combining this 
with the expression for isotropic ground reflected radiation, 
the uncertainty for the ground reflected radiation is: 
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WR = 0. 25 IH p ( 1 - cos ~ ) /2 
where p is the ground reflectivity. A ground reflectivity 
of 0.3 is used. The ground at the site is a high percentage 
of sand_ with sparse grass covering. Forgan (1983) gives the 
reflectivity of sand as 0.30 and for green vegetation as 
0.22. At high solar elevations the ground is not shaded as 
much by the plants and the ground reflectivity dominates 
according to Dirmhirn and Eaton (1979). A study by Stowe and 
Taylor (1984) of NIMBUS 7 Earth Radiation Budget data showed 
that land surfaces exhibit more forward scattering at low sun 
elevations, with an albedo -of 0.30 for elevations less than 
30 degrees. Therefore, the selected ground reflectivity of 
0.3 is appropriate. 
With the uncertainties for all the independent variables 
known, the uncertainty for the actua~ diffuse radiation on a 
tilted surface may be expressed as: 
Model Estimated Diffuse Radiation on a Tilted Surface 
The uncertainty of the diffuse radiation estimate for 
each of the diffuse radiation models is determined in the 
following paragraphs. 
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Isotropic Model. The isotropic model expresses the estimated 
diffuse radiation on a tilted surface: 
IdTE = IdH (1 + cos ~ )/2 
The uncertainty in this estimate is: 
wdTE = wdH (1 + cos ~ )/2 
Expressing as a fraction of .the estimated diffuse radiation 
and reca~ling the expression for WdH and IdH 
wdTE/IdTE = wdH/IdH =[<<wH> 2 -+ 
( WDN c 0 s e z ) 2 ) 1 I 2 ] I_ ( I H - ID N cos e z ) 
From this expression, it is obvious that expressed as a 
percentage, the uncertainty~in the estimated diffuse 
radiation on a tilted surface is the same as the uncertainty 
in the calculated diffuse radiation on horizontal surfaces. 
Additionally, small solar zenith angles and large direct 
normal radiation values will maximize both of these 
uncertainties. Therefore, maximum error will occur at midday 
on clear days. 
Temps and Coulson Model. The diffuse model proposed by Temps 
and Coulson gives the estimate of diffuse radiation on a 
tilted surface as: 
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IdTE = rd8 CC1 +cos {3)/2)(l+sin
3 < '3/2))(1 + cos 2 e sin3 e
2
> 
The uncertainty in this estimate is: 
w dTE = w dH < < 1 + cos '3 > 12 > < 1 + sin 3 c '3 /2 > > < 1 + cos 2 e sin 3 e z > 
Expressing as a fraction of the estimated diffuse radiation 
The uncertainty for the Temps and Coulson model is identical 
to that of the ~sotropic model. 
Klucher Model. The diffuse model proposed by Klucher gives 
the estimate of diffuse radiation on a tilted surface as: 
The uncertainty in FK is: 
The uncertainty in IdTE is: 
WdTE=( < <wd8 Cl+cos '3 )/2) (l+FKsin
3 < '3/2) >Cl+ FKcos 2 e sin3 e 2 ) >
2 
+((WFKidH(l+cos '3 )/2) cc'sin 3 C {3/2)) (l+FKcos 2 e sin3 9 2 ) 
+(l+FKsin 3 < '3/2)) (cos2e sin3 e
2
)))2)1/2 
Expressing as a fraction of the estimated diffuse radiation 
wdTE/IdTE= ( (WdH/IdH) 2 +wFK 2 ( (sin3 ( ~ /2)) I (l+FKsin3 ( ~ /2)) 
+ Ccos 2 e sin3 e )/ Cl+F cos 2 e sin3 e ) )2)1/2 z K z 
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For small values of WFK' this reduces t? the same 
uncertainty as that for the isotropic model and the Temps and 
Coulson model. This is also always the case for the fixed 
tracker facing south at a 28.4 degree slope since the 
sin3 ( ~ /2) and cos 2 9 sin3 e z terms will always be very small. 
However, for the two axis tracker, both sin 3 (~/2)and 
cos 2 9 sin3 9 z can become si:.gnificant for low sun angles. If 
WFK is also significant, then the uncertainty will be greater 
than for the isotropic mod~I. Significant values of WFK will 
only occur with low total horizontal measurements comprised 
of mostly diffuse radiation, a condition that occurs only for 
low sun angles or overcast conditions. 
Summarizing, the Klucher model diffuse radiation 
estimate will have the same uncertainty as the isotropic 
model, except for the case of the two-axis tracker for low 
sun angles, for which the uncertainty will be somewhat 
greater. 
Hay Model. The diffuse model proposed by Hay gives the 
estimate of diffuse radiation on a tilted surface as: 
The uncertainty in this measurement is: · 
wdTE= ( (WdH ( InNCOS e /Go+. 5 ( 1-InNCOS e z1Go) ( l+cos (3 ) ) ) 2 
+<WnNidH< cos e /G
0
-.5 (cos e z/G
0
) (l+cos (3)) )2)1/2 
Expressing as a fraction of the estimated diffuse radiation 
Since the last term will al=ways be very small, this reduces 
to 
which is the same ratio as was found for the other models. 
Perez Model. The diffuse model proposed by Perez gives the 
estimate of diffuse radiation on a tilted surface as: 
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[ 
• 5 ( l+cos (3 ) +2 ( 1-cos Q' ) (Fl-1) Zc+s in s/ (F2-l) 2 ~I TT J 
--------------------------------------------------
1/ 2 Cl-cos a) (Fl-1) zh+.5 (l-cos2s ) (F2-l) 
Since the enhancement factors Fl and F2 are step 
functions of IdH and IdN and are therefore, discontinuous, 
the uncertainty cannot be determined as was done for the 
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previous models. However, if we consider the uncertainty in 
Fl and F2 to be small compared to the uncertainty in IdH' the 
uncertainty in IdTE is strictly a function of the uncertainty 
in IdH' which is what was found to be the case for all the 
other models. Therefore, 
Maximum Uncertainty Values for Calculated Insolation 
From the previous paragraphs, the percent uncertainty of 
each model's diffuse radiation estimate was shown to be the 
same and equal to the percent uncertainty of the calculated 
diffuse radiation on the horizontal. The one exception to 
this is the Klucher model a-t. low sun angle for the two axis 
tracker, for which the uncertainty will be somewhat greater. 
To get an idea of the maximum uncertainty attainable, 
recall the equation for the calulated diffuse radiation on 
the horizontal. 
1/2 
Inspection of this equation shows that maximum 
uncertainty will occur when w8 , WDN' and cos 8z are at their 
maximum values. This would occur on a very clear day with 
the sun directly overhead. If we use a value of IH=lOOO 
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W/m2 , a clear day diffuse to total radiation ratio of 0.2, 
e 2 =0 degrees, and the appropriate instrument uncertainties 
from Table 3, the maximum uncertainty is found to be 
WdH = 26 W/m2 or · l3 percent 
This same percentage maximum uncertainty would also 
apply to the estimated diffuse radiation on a tilted surface 
as predicted by the various diffuse radiation models. 
Residuals Uncertainty 
The residual is the difference between the diffuse 
radiation estimate by the model and the actual diffuse 
radiation on the surface. The uncertainty in the residual is 
useful in evaluating residual plots and scatter plots. The 
residual may be represented by the following equation: 
The uncertainty in this estimate is: 
wr = <<waTE>2 + <wdT>2>112 
Time of Day Influence on Uncertainties 
To illustrate how uncertainties in the different 
calculations change over the course of a day, Table 4 was 
constructed for the afternoon of August 26, 1985. This was a 
Time e Measured ~olation 
(Esr) (DEx;f . (W/ ) 
c IH IDN Ffied 2 i'iis -- ---------
12 19.4 897 595 938 967 
13 20.0 893 571 930 963 
14 28.6 819 543 850 950 
15 40.3 683 504 703 919 
16 53.1 501 397 506 829 
17 66.3 286 257 273 630 
18 79.4 94 7 83 221 
~-
TABLE 4 
UNCERTAINTY ANALYSIS FOR August 26, 1985 
calculated Insolation Uncertainty of calculated 
From M~ured Data 
CW/ ) 
Insolation :'ld Diffuse Estiwate 
CW/ (%) > For: . 
IdH I .I I I 
FJed 2 !&is F£ 2 ~is IdH F~ 
-- -- -- -- ---
336 16 8 340 364 22(6.6) 24(7.0) 
356 16 8 357 384 22(6.2) 23(6.5) 
342 15 15 344 392 20(5.9) 21(6.2) 
299 12 24 301 391 17(5.6) 17(5.8) 
262 9 30 264 402 12(4.6) 12(4.7) 
183 5 26 175 348 7(3.7) 7(3.8) 
93 2 11 80 202 3-(3.6) 3(3.7) 
a For Klucher Model 25 (12. 6) 
b For Klucher Model 26 
~d'fxis F~~ 
20(5.4) 22(6.6) 









~~is Fixed 2 Axis 
--
24(6.6) 32 31 
24(6.2) 32 31 
25(5.9) 29 30 
22(5.6) 24 29 
18(4.6) 17 25 
13(3.7) 9 l~ 7C3.6)a 4 
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clear day, but with a fairly high percentage of diffuse 
radiation, about 40 percent. 
As ~reviously indicated, Table 4 shows that the model 
estimated diffuse, for both the fixed and 2-axis surface has 
the same percentage uncertainty as the horizontal diffuse 
inputted to the model. The horizontal diffuse is calculated 
from measured values. The largest uncertainties occurred at 
midday and are close to the maximum uncertainty that was 
previously calculated. 
Ground reflected radiation, IR, is small, but the 
uncertainty in this value does increase slightly the 
uncertainty for the actual diffuse radiation on a tilted 
surface calculated from measured data. This can be seen by 
comparing the percentage uncertainty of IdH with the 
percentage uncertainty of IdT for the fixed axis. For the 
two-axis tracking surface, the percentage uncertainty of faT 
is less because instrument uncertainty is less for the two 
axis tracker (no cosine or azimuth error). 
For cloudy and partly cloudy days, uncertainties will be 
less. The uncertainties are proportional to the amount of 
the direct normal radiation component present in the total 
horizontal radiation measurement. On days with no direct 
normal component, the uncertanties for the model estimated 
diffuse radiation reduces to the uncertainty in the 
pyranometer used to measure total horizontal radiatione 
Uncertainty of RMSE 
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When comparing the different models on the basis of root 
mean square error, it is useful to know the approximate 
uncertainty in the root mean square error. From the 
expression for root mean square error 
m 
RMSE = ((l/m) ~ (IdTEi - IdTi)2)1/2 
i=l 
Recalling residual r = IdTE - IdT 
RMSE = CCl/m) J.. 
i=l 
The uncertainty then becomes: 
WRMSE 
As a worst case analysis let w1 =w2=wi, with wi equal to 
the largest uncertainty expected and r 1=r2=ri, with ri equal 
to the largest residual expected. The above expression 
· reduces to: 
1/2 
WRMSE = Wr;m 
From Table 4, the largest uncertainty expected is 
approximately 32 W/rn2 . 
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Using a value of m corresponding to 95 data points/day, 
the uncertainty for the root-mean-square error can be 
determined for different time intervals. For a 
1 day period WRMSE = 3.3 W/m
2 
15 day period WRMSE = .8 W/m
2 
59 day period WRMSE = .4 W/m
2 
Uncertainty of MBE 
Uncertainty of the mean bias error is also useful for 
comparing performance of different models. The following 
expression can be used for the mean bias error. 
m 
MBE = ( l/m) z. ( IdTEi - IdTi) 
i=l 
Substituting residual r = IaTE - IdT 
m 
MBE = (l/m) £ 
i=l 
r · 1 
The uncertainty then becomes: 
rn 
WMBE = ( l/rn) ( ::£ 
i=l 
For a worst case analysis letting wi equal a constant 
equal to the largest uncertainty expected, the equation 
reduces to 




The root-mean-square error and the mean bias error for 
the 59 day test period and the 15 day subset were used to 
evaluate overall performance. Root mean square error 
indicates how close the individual diffuse radiation 
estimates from the model were to the actual values. Each 
individual error will have a _95 percent probability of being 
less than twice the root mean square error. The mean bias 
error is an average error and indicates whether overall the 
model predicts high or low. 
Table 5 lists the -root-mean-square error and mean bias 
error for the 59 day period and the 15 day period. Results 
for both periods give essentially the same results, 
indicating that the 15 day subset is a representative sample 
of the 59 day period. Based on minimum root-mean-square 
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error for the 59 day period, the models may be ranked in the 
following order from best to worst. 
For two-axis tracker: Perez, Temps and Coulson, Klucher, 
Hay, Isotropic 
For fixed axis: Perez, Klucher(tie), Hay (tie), Temps and 
Coulson, Isotropic 
TABLE 5 
OVERALL PERFORMANCE BASED ON RMSE AND MBE 
-========- ============================== ============================ 
59-DAY PERIOD 15 DAY SUBSEI' 
---------- -----~------- --------------- --------------- -------------
2-Axis Tracker Fixed Tracker 2-Axis Tracker Fixed Tracker 
MCDEL (~~) MBE RMSE MBE RMSE cw:~> 
RMSE MBE 
(W/m2 ) (W/m2> (W/m2> (W/m2) (W/m2 (W/rn2)' ----·--- ----- =====- ----·- ====== -----·-- -===== ===== =====! - --
Isotropic 96.8 -80.9 42.4 -24.9 97.2 -76.2 41.9 -23.0 
t Temps & 
Coulson 51.4 -17.4 32.0 8.0 51.0 -5.2 33.9 13.5 I 
Klucher 55.7 -40.3 28.2. -2.7 53.4 -38.2 26.4 -2.5 
Hay 58.1 -41.8 28.7 -11.6 60.3 -43.0 27.9 -12.2 
Perez 37.6 -14.1 24.7 2.7 34.8 -14.9 21.3 1.5 
-==== ======-=======-=======-=======-======-=======-=============-
Based on minimum absolute MBE for the 59 day period, the 
models are ranked in the following order from best to worst. 
For two-axis tracker: Perez, Temps and Coulson, Klucher, 
Hay, Isotropic 
For fixed axis: Perez (tie), Klucher (tie), Temps and 
Coulson, Hay, Isotropic 
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Compared to the RMSE ranking, the order is the same for 
the two-axis tracker, but of slightly different order for the 
fixed tracker. 
Type of Day Performance and Seasonal Effects 
Days of the 15 day subset were selected to fall into 
three categories: clear, overcast, and partly cloudy. Days 
in each category were chosen primarily from August and 
December data to permit evaluation of seasonal effects. 
Early July data would be desirable for this purpose, but days 
fitting the three categories were not available for this time 
period. For each category and season, either two or three 
days were used, depending on availability of data. For the 
subset, the ratio of days in a category to total days for 
clear, overcast and partly cloudy days are 0.27, 0.33 and 
0.40 respectively. By comparison the ratios for the 59 day 
period are 0.17, 0.08, 0.75 respectively. Although the 15 
day subset is obviously not representative of the 59 day 
period on a number of days per category basis, the previous 
section showed it is fairly representative of overall 
performance, and it permits evaluation of the models as to 
type of day. Categorization of the days was subjective, 
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particularly with respect to overcast and partly cloudy days. 
December 17 was the only completely overcast day, the other 
days placed in this category were actually partly cloudy days 
that were completely overcast for greater than 50 percent of 
the day and partly cloudy the rest of the days. 
Representative insolation levels for the three 
categories are shown in figures 10 through 14. The root mean 
square errors and mean bias errors for the 15 day subset are 
given in tables 6 and 7. 
The probability that one model will predict more 
accurately than another can be estimated by use of a sign 
test as presented by Cangelosi et al. (1983). A null 
hypothesis is assumed that model A has a smaller RMSE than 
model B. The models are compared for each day of the subset. 
If the null hypothesis is true then model A gets a plus, if 
not true then model A gets a minus. If the RMSE is equal for 
model A and B, or if within the uncertainty limit previously 
determined as 3.3 W/m2, no sign is given. Once all the signs 
have been assigned for the subset, then a table of cumulative 
values of the binominal probability distribution can be used 
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Figure 11. Total Normal and Direct Normal Solar Radiation for 





" 800 ~ 3= 
'-J I 
z 
600 j 0 ...... < I c 
< 
0:: 










Figure 12. Total Normal and Direct Normal Solar Radiation for 
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Figure 13. Total Normal and Direct Normal Solar Radiation for 
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Figure 14. Total Normal and Direct Normal Solar Radiation for 
August 18, Partly Cloudy Day. 
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This is done for each model for both two axis and fixed 
axis , and for both the four clear days, and the ten partly 
cloudy and overcast/partly cloudy days. The results are 
ind i cated in figures 15 through 18. 









Isotropic Coulson Kluch.er 
NA .062 .062 
1.000 NA 1.000 
1.000 .250 NA 
1.000 .500 .500 














Null Hypothesis: Model in the row has a root-mean-square 
error less than that of the model in the column. 
Figure 15. Clear Day Two Axis Cumulative Values 
of the Binomial Probability Distribution. 
========= =========- ========= =====---=== ======- -=======-
Temps & 
Isotropic Coulson Klucher 
Isotropic NA .011 .001 
Temps & 
Coulson .999 NA .623 
Klucher 1.000 J .623 NA 






1.000 NA Perez 1.000 1 1.000 1.000 
===========~=========-=========-========= =======--=========-
Null Hypothesis: Model in the row has a root-mean-square 
error ~ less than that of the model in the column. 
Figure 16. Partly Cloudy Day Two Axis Cumulative 
Values of the Binomial Probability 
Distribution. 
r===========-===========--;:;=& r-=========-=======--========= 
! Isotropic Coulson Klucher Hay Perez 
t 
i~~------- ---------- --------- --------- -------- ---------
1 Isotropic NA .688 .500 .125 .250 
J Temps & 


















i Coulson J .688 
1 Hay 1.000 -==========--===========-=======---========= ========-=========-
Null Hypothesis: Model in the row has a root-mean-square 
error less than that of the model in the column. 
Figure 17. Clear Day Fixed Axis Cumulative Values of the 
Binomial Probability Distribution •. 
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I-~~~~::::~:~~=~-~~::::~~~~::~~- ~~Pe::~~ 
I Isotropic NA .746 .254 .008 Temps & .145 
I 
Coulson .500 NA .062 .254 .062 
Klucher .910 .992 NA .637 .125 
1-i:~z ~~~=~l:~~~-=-1===~~~~==~=~~~~-~~===-==~:=~l 
Null Hypothesis: Model in the row has a root-mean-square 
error less than that of the model in the column. 
Figure 18. Partly Cloudy Day Fixed Axis Cumulative 
Values of the Binomial Probability 
Distribution. 
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From the figures, the models may be ranked from best to 
worst on the likelihood that their use will give the smallest 
RMSE for a particular day. 
Two Axis, clear day: Perez, Temps and Coulson, Klucher, 
Hay, Isotropic 
Two Axis, partly cloudy day: Perez, Temps and Coulson 
(tie), Klucher (tie), Hay, Isotropic 
Fixed Axis, clear day: Perez (tie), Hay (tie), Klucher, 
Temps and Coulson (tie), Isotropic (tie) 
Fixed Axis, partly cloudy day: Perez, Hay (tie), Klucher 
(tie), Isotropic, Temps and Coulson 
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For the completely overcast day, December 17, tables 6 
and 7 show that the same results are given for the following 
models: Isotropic, Klucher, Hay and Perez. This is because 
for overcast sky conditions all of these models reduce to the 
isotropic model. The Temps and Coulson model, constructed 
for clear sky conditions, over predicts insolation levels 
when skies are overcast. 
Seasonal effects may be evaluated by examining the mean 
bias error at different times of the year. This is done by 
using the four clear days and the six partly cloudy days from 
the 15 day subset and separating them into two groups, one 
group for days in August and the other group for days in 
November and December. MEE -values from Table 6 and 7 are 
then averaged for the respective group. The difference in 
MBE between the two groups is an indication of a seasonal 



















TWO AXIS TRACKER 
ROOT MEAN SQUARE ERROR AND MEAN BIAS ERROR 
FOR 15 DAY SUBSET 
'IEnrs & 
'I}!:e Irot:Jx:pic <hilin1 Klu:rer H1y I€rez 
ray 
;;,) ~) ~) MEE (W/~) ~) ~) ~) r-lE (Wlrrf) ~') 
M:E 
cW/nf) 
c 78.9 - 75.0 42.1 -38.0 43.8 -39.6 35.9 -33.2 19.4 -9.7 
c 62.5 - 55.8 33.6 -24.8 35.7 -26.3 34.8 -17.6 22.5 .5 
c ll7.4 -104.4 43.1 -38.6 70.7 -00.1 00.4 -69.3 51.2 -36.9 
c 141.0 -125.2 50.1 -45.5 83.0 -70.8 94.9 -8'2.2 54.4 -39.2 
! 
0 14.7 - 1.5 54.8 48.9 14.4 - .5 14.6 -1.4 14.6 -.3 j 
(}-fC 71.4 - 24.6 96.3 75.8 46.9 -12.1 51.2 -15.5 31.8 3.0 l 
(}-fC 94.9 - 62.8 77.9 61.5 54.2 -32.5 67.2 -42.4 36.9 -11.6 
(}-fC 65.5 - 46.5 44.6 21.6 28.5 -20.6 31.2 -24.3 21.9 -6.2 t 
(}-fC 95.6 - 62.6 76.9 29.4 65.3 -40.8 71.6 -46.6 ' 44.7 -22.3 
:EC ll8.3 -ll6.ll 39.0 -24.3 52.8 -44.7 61.5 -53.2 30.1 -4.2 
:EC 122.0 -117.1 58.5 -40.7 70.6 -66.0 76.4 -70.4 39.2 -30.2 
:EC 13).0 -121.21 so.a -8.2 66.0 -57.0 78.3 -66.6 4{).l -16.2 1 
:EC 72.7 - 56.01 30.6. ~.3 37.6 -27.0 41.3 -31.1 26.7 -13.4 i 
:EC 66.6 - 49.91 '25.7 .5 '25.5 -16.1 28.8 -19.6 17.3 1.0 i 
:EC 117.4 -105.8f 39.4 -32.4 65.0 -56.8 76.4 -67.7 44.5 -35.0 t 
· C = Clear, 0 = Overcast, 





NJ\7 29 c 
n:c 31 c 
Al.J;j 23 c 
Alg 26 c 
n:c 17 0 
n:c 8 Q-fC 
Ia: 18 Q-fC 
flU;J 24 Q-fC 
NN14 Q-fC 
NJt/30 IC 
n:c 1 IC 
Ia: 16 IC 
flU;J 18 IC 
flU;J 19 IC 
flU;J 28 IC 
TABLE 7 
FIXED AXIS 
ROOT MEAN SQUARE ERROR AND MEAN BIAS 
ERROR FOR 15 DAY SUBSET 
'Il:nµ3 & I 
I.rotl:q:>ic ; Ctu1s::n Kl.lrlEr H:iy I€rez J 
I 
~') 
MEE mc:E MEE RVfE M:.E ~ ME£ ~ MEE l 
<Wrrf> <Wrrf> <Wrrf> (Wlnf) (Wlnf) (Wlnf) (Wlnf) (Wlnf) <Wnf> I 
42.1 - 41.1 21.5 -19.8 22.1 -~.5 22.5 -21.5 12.4 -10.l I 
38.8 - Tl.3 22.3 -20.5 22.8 -20.9 21.8 -19.7 14.3 -11.5 
11.2 - 4.9 25.2 19.5 20.3 14.7 5.6 .4 17.5 J5.l i 
16.5 - 11.3 26.6 20.0 19.8 13.0 8.7 - 4.2 18.l J5.l ! 
3.8 t 5.0 - 3.1 40.6 34.5 5.7 3.9 5.1 3.2 5.9 
38.5 - 14.7 60.9 44.9 25.2 - 7.6 29.5 -10.6 19.8 -1.9 J 
63.5 - 42.8 45.9 35.0 32.8 -20.3 46.4 -30.7 27.4 -13.9 I 
14.8 5.3 41.3 32.1 25.l J5.8 14.5 6.9 21.5 14.o I 
53.5 - 30.4 52.1 23.6 36.6 -16.8 42.4 -22.8 31.6 -ll.4 l 
73.5 - 68.3 24.6 -12.9 30.2 -23.6 43.4 -Tl.I 23.5 -13.0 
74.5 - 69.2 32.4 -21.4 . 40.7 -36.7 51.5 -45.9 30.7 -25.4 i 
77.0 - 70.1 18.8 -5.8 35.2 -Zl.9 49.1 -41.4 26.2 -17.l I 
18.9 1.0 31.7 20.7 26.0 13.4 17.5 3.4 22.8 13.4 
I 
14.9 4.2 33.4 26.4 29.3 20.3 J5.5 7.4 1 Zl.9 20.1 
17.9 - 11.7 27.6 . 20.4 20.3 11.8 11.2 - 4.2 t J5.9 10.0 t 
C = Clear, 0 = Overcast, 




SEASONAL EFFECT ON MEAN BIAS ERROR 
-==================--=============--===--========-
MEAN BIAS ERROR 
MODEL 'IWO AXIS FIXED AXIS 
AUG r.~E DOC ~E DEC MBE- AUG MBE DEC MBE DEC MBE-
(W/rrf) (W/m At.x; ~E (W/m2) (W/m2) AUG ~E 
(W/m ) (W/m ) 
Isotropic -88 -97 -9 -5 -57 -52 
Temps & 
Coulson -25 -27 -2 22 -16 -38 
Klucher -46 -47 -1 15 -26 -41 1 
Hay -68 -48 20 1 -33 -34 
Perez -25 -12 13 15 -15 -30 
-======--===-====-=====-====-===--===-=======-
Seasonal influence does not appear to be particularly 
evident for the models when_applied to the two-axis system, 
but they all show a seasonal effect for the fixed axis 
system. Hay and McKay (1985) show a similiar relationship 
61 
for a south facing fixed surface, with the MBE becoming more 
negative as time passes from August to December. A negative 
MBE means that the surface is actually receiving more 
radiation than the model predicts. 
Time of Day Effects 
Accuracy of the model throughout the day can be 
evaluated by the examination of residual plots versus time of 
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Figure 19. Diffuse Radiation Residual Plot for Isotropic 
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Figure 20. Diffuse Radiation Residual Plot for Temps & 
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Figure 21. Diffuse Radiation Residual Plot for Klucher Model, 
Fixed Axis, August 26, Clear Day. 
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Figure 22. Diffuse Radiation Residual Plot for Hay Model, 
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Figure 23. Diffuse Radiation Residual Plot for Perez Model, 
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Figure 24. Diffuse Radiation Residual Plot for Isotropic 
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Figure 25-. Diffuse Radiation Residual Plot for Temps & 

































16 . 18 
Figure 26. Diffuse Radiation Residual Plot for Klucher Model, 
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Figure 27. Diffuse Radiation Residual Plot for Hay Model, 
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Figure 28. Diffuse Radiation Residual Plot for Perez Model, 
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Figure 29. Diffuse Radiation Residual Plot for Isotropic 
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Figure 30. Diffuse Radiation Residual Plot for Temps & 
Coulson Model, Two Axis, August 26, Clear Day. 
73 
18 
""' N · 
:! 



























Figure 31. Diffuse Radiation Residual Plot for Klucher Model, 
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Figure 32. Diffuse Radiation Residual Plot for Hay Model, Two 
Axis, August 26, Clear Day. 
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Figure 33. Diffuse Radiation Residual Plot for Perez Model, 
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Figure 34. Diffuse Radiation Residual Plot for Isotropic 
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Figure 35. Diffuse Radiation Residual Plot for Temps & 
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Figure 36. Diffuse Radiation Residual Plot for Klucher Model, 
Two Axis, December 16, Partly Cloudy Day. 
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Figure 37. Diffuse Radiation Residual Plot for Hay Model, Two 
Axis, December 16, Partly Cloudy Day. 
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Figure 38. Diffuse Radiation Residual Plot for Perez Model, 
Two Axis, December 16, Partly Cloudy Day. 
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For August 26, a clear day, insolation for the two axis 
system was significantly underestimated by all models during 
early morning and late afternoon hours. Estimates for the 
fixed axis were generally within the acceptable tolerances of 
Table 4, but showed the opposite trend of the two-axis, with 
the error largest at midday as would be expected. 
No time of day effects were observed for December 16, a 
partly cloudy day. 
Graphical Analysis 
Scatterplot graphs comparing actual diffuse radiation 
with estimated diffuse radiation are a useful way of 
illustrating previous perfoimance comparisons and are shown 
in figures 39 through 78. If the model was in perfect 
agreement with the measured diffuse radiation on the tilted 
surface, all data points would be on the diagonal line with 
slope equal to one. 
Two things prevent this, uncertainties in measurements 
and related calculations, and the error in the model 
estimates. Uncertainty values were presented in Table 4 and 
were shown to be largest at midday. This explains why the 
scatter is subject to increase at higher insolation levels. 
This is demonstrated in the scatterplots for the clear day 
83 
August 26 for fixed axis, figures 44 through 48. Although a 
clear day, a large percentage of the radiation was diffuse, 
caused by the higher sky diffuse radiances associated with 
the humid conditions for that time of year. In contrast, 
November 29 was also clear, but had less humidity and the 
diffuse radiation component was less, see figures 39 through 
43. Previous discussion has indicated measured diffuse 
percentage uncertainties would be highest when the direct 
normal component was high, and this is shown in the 
scatterplots for this date for fixed axis. 
Scatterplots for November 29 also show seasonal effects 
when compared against August 26. The mean bias error becomes 
more negative, with the models underestimating diffuse 
radiation to a greater degree as the winter months are 
approached. 
Scatterplots for partly cloudy days, August 18 and 
December 16, figures 49 through 58, showed the same general 
trends as for clear days, but the scatter caused by model 
error was greater. As expected, the anisotropic sky under 
these conditions is constantly changing and is more difficult 
to model. 
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For the two-axis system, scatterplots for the above four 
representative days, figures 59 through 78, confirm that all 
the models underestimate the diffuse radiation received. The 
Perez model, which gave the best performance, had an increase 
of root mean square error of 50 percent greater than for the 
fixed axis system. The other models had increases in the 
root mean square error on the order of 100 percent when 
comparing two axis RMSE against fixed axis RMSE. 
Relative Performance for Different Tracking Systems 
Since the primary use of solar radiation modeling is to 
predict performance of solar systems, it is important to know 
if there is any bias in the model that will distort the 
relative merits of different system types. 
Previous sections have ~tated that the models under 
predict insolation for two axis systems. Since the SMUD 
tracking system and the azimuth tracking system are 
essentially combinations of a fixed axis and a two axis 
system, we would expect that the error characteristics of 
these systems would fall between those of the fixed axis and 
the two axis systems. Table 9 shows this to be true for the 
15 day subset for the root-mean-square error. The a?erage 
error for the period is listed in Table 10, which shows the 
mean bias error as a nercentaae for both the diffuse 
.i.; ,J • 
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Figure 39. Scatterplot for Isotropic Model, Fixed Axis, 
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Figure 40. Scatterplot for Temps & Coulson Model, Fixed Axis, 
November 29, Clear Day. 
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Figure 41. Scatterplot for Klucher Model, Fixed Axis, 
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Figure 42. Scatterplot for Hay Model, Fixed Axis, November 
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Scatterplot for Perez Model, Fixed Axis, November 




' 400 ~ ~ 
z 
0 















0 100 200 300 400 
ESTIMATED DIFFUSE RADIATION (W/M2) 
Figure 44. Scatterplot for Isotropic Model, Fixed Axis, 
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Figure 45. Scatterplot for Temps & Coulson M6del, Fixed Axis, 
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Figure 46. Scatterplot for Klucher Model, Fixed Axis, August 
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Figure 48. Scatterplot for Perez Model, Fixed Axis, August 






' 400 ;c I '-" • I 
z • I 
0 • • • r- 300 x\~I < • c .If. < 
0::: • • I 
l&J I ••• 
(/) • 
200 'Ii' I :> • •• 
lL ~IX 
La.. a I I - :SS 0 
X I _. 




0 100 200 300 400 
ESTIMATED DIFFUSE RADIATION (W/M2) 
Figure 49. Scatterplot for Isotropic Model, Fixed Axis, 
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Figure 50. Scatterplot for Temps & Coulson Model, Fixed Axis, 
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Figure 51. Scatterplot for Klucher Model, Fixed Axis, 
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Figure 52. Scatterplot for Hay Model, Fixed Axis, December 
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Figure 53. Scatterplot for Perez Model, Fixed Axis, December 
16, Partly Cloudy Day. 
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Figure 54. Scatterplot for Isotropic Model, Fixed Axis, 
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Figure 55. Scatterplot for Temps & Coulson Model, Fixed Axis, 
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Figure 56. Scatterplot for Klucher Model, Fixed Axis, August 
18, Partly Cloudy Day. 
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Figure 57. Scatterplot for Hay Model, Fixed Axis, August 18, 
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Figure 58. Scatterplot for Perez Model, Fixed Axis, August 
18, Partly Cloudy Day. 
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Figure 59. Scatterplot for Isotropic Model, Two Axis, 
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Figure 60. Scatterplot for Temps & Coulson Model, Two Axis, 
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Figure 61. Scatterplot for Klucher Model, Two Axis, November 
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Figure 63. Scatterplot for Perez Model, Two Axis, November 
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Figure 64. Scatterplot for Isotropic Model, Two Axis, August 
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Figure 65. Scatterplot for Temps & Coulson Model, Two Axis, 
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Figure 66. Scatterplot for Klucher Model, Two Axis, August 
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Figure 69. Scatterplot for Isotropic Model, Two Axis, 




Figure 70. Scatterplot for Temps & Coulson Model, Two Axis, 
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Figure 71. Scatterplot for Klucher Model, Two Axis, December 
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Figure 72. Scatterplot for Hay Model, Two Axis, December 16, 
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Figure 73. Scatterplot for Perez Model, Two Axis, December 
16, Partly Cloudy Day. 
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Figure 74. Scatterplot for Isotropic Model, Two Axis, August 
18, Partly Cloudy Day. 
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Figure 75. Scatterplot for ~ernps & Coulson Model, Two Axis, 





" 400 x ~ I '-/ x 
I 





..... I x:<-. 
<( 3001 i .x; x 
Cl ~ ~ 
















0 100 200 300 400 500 
ESTIMATED DIFFUSE RADIATION (W/M2) 
Figure 76. Scatterplot for Klucher Model, Two Axis, August 
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Figure 77. Scatterplot for Hay Model, Two Axis, August 18, 
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Figure 78. Scatterplot for Perez Model, Two Axis, August 18, 
Partly Cloudy Day. 
TABLE 9 
ROOT MEAN SQUARE ERROR FOR DIFFERENT TYPE 
TRACKING SYSTEMS FOR 15 DAY SUBSET 
================================================= 
ROOT MEAN SQUARE ERROR (W/m2 > 
----------- ------- ------- --------- -----------
MODEL FIXED SMUD AZIMUTH 2-AXIS 
----------- ------- ------- --------- -----------
Isotropic 41.9 59.7 60.6 97.2 
Temps & 
Coulson 33.9 34.5 34.7 51.0 
Klucher 26.4 32.0 29.1 53.4 
Hay 27.9 37.2 37.9 60.3 
Perez 21.3 26.2 24.7 34.8 
-===========-=======-=======-=========-===========-
TABLE 10 
MEAN BIAS ERROR AS A PERCENT OF 
DIFFUSE RADIATION AND TOTAL RADIATION 
ON A SURFACE FOR THE 15 DAY SUBSET 
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---------·-----------·-------------------------------- - - - · - ·-· ---- ---
MEAN BIAS ERROR . (%) 
~~~~~~~~ :~;::~;: ;~~;~~;; ;~::~~~ali;:;~?~;; 
=======- ====- -=== ==== ==== -==== === ====== === 















-4. 7 . -1.9 
-8.6 -3.4 
.1 0 
3.3 1.3 -2.3 -.8 
-7.3 -2.9 -16.6 -6.2 
-10.8 -4.2 -18.7 -7.0 
-2.7 -1.1 -6.5 -2.4 
-==---======== ======= =====-======= ===== ======-====- =======-=====-
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Enhancement of insolation received by a tracking system 
compared to the insolation received by a fixed surface is 
often used to determine if the additional costs associated 
with tracking systems are justified by the increased amount 
of insolation available. These ratios are shown in Table 11 
as the models would predict them. The percentage error of 
these ratios with respect to the actual measured enhancement 
ratios is also shown. 
These enhancement ratios are specific to the time of 
year of the data tested. Different ratios could be expected 
at other times of year. 
TABLE 11 
ENHANCEMENT RATIO PREDICTED BY MODEL 
COMPARED TO ACTUAL FOR 15 DAY SUBSET 
--=======--==========-==========-=========== -------------
FIXED ~UD AZIMUTH 2-AXIS 
----·------ ------- ----- ------- ----- ------ ----- ------ ----
% % % % 
Ratio Error Ratio Error Ratio Error Ratio Error 
=·=======- ==== ----- ====== --- -==== ==== ======= ------·--- ----
Actual 1.000 NA 1.067 NA 1.146 NA 1.275 NA 
Isotropic 1.000 NA -1.041 -2.4 1.103 -3.7 1.173 -8.0 
Terrps & 
Coulson 1.000 NA 1.061 -.6 1.129 -1.5 1.230 -3.5 
Klucher 1.000 NA 1.053 -1.3 1.118 -2.4 1.202 -5.7 
Hay 1.000 NA 1.057 -.9 1.125 -1.8 1.207 -4.5 




Based on smallest root-mean-square error for the 59 day 
period, the models may be ranked in the following order from 
best to worst. 
For two-axis tracker: Perez, Temps and Coulson, Klucher, 
Hay, and Isotropic 
For fixed axis: Perez, Klucher, Hay, Temps and Coulson, and 
Isotropic 
All the models were better at estimating diffuse 
radiation on fixed surfaces than on two-axis tracking 
surfaces. Root-mean-square errors for the two-axis system 
were 50 to 100 percent higher. 
When evaluated for whether the day was clear or partly 
cloudy, the two axis system showed the same model ranking as 
above. For the fixed axis, the Hay model was better than the 
Klucher model for clear days, and the Isotropic model was 
better than the Temps and Coulson model for partly cloudy 
days. The tendency of the Temps and Coulson clear sky model 
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to over predict for partly cloudy days helped it to do better 
for the two-axis system, where the models normally 
underestimated insolation levels. 
Seasonal effects of the models were not particularly 
noticeable for two-axis systems, but for the fixed axis 
system, the mean bias error changed 30 to 50 W/m2 in the 
negative direction from August to December. When evaluating 
a model over several months, this seasonal effect will cancel 
some of the mean bias error and can make the mean bias error 
look small compared to the root-mean-square error. The 
root-mean-square error is a better way to evaluate the 
models. 
Time of day effects were evident on clear days, with the 
models underestimating insolation in the early morning and 
late afternoon hours for the two-axis system, and with a 
slightly opposite trend for fixed axis systems. 
Horizon brightening may not . be important for this area. 
The Klucher model, which accounts for horizon brightening, 
does not perform as well for the fixed axis on clear days as 
the Hay model does. The Klucher model performs only slightly 
better for the two axis on clear days. The Hay model does 
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not account for horizon brightening. According to Perez and 
Stewart (1984), horizon brightening becomes noticeable when 
the direct radiation is large and is the major proportion of 
the total insolation. High ground reflectance is also 
important. 
The high humidity of the Florida area generally prevents 
the direct normal component from becoming as large as for 
arid regions. Although the ground reflectance of 0.30 at the 
site could be considered high, the reflectance of the ocean 
water surrounding the site would predominate on the effect of 
horizon brightening. According to Stowe and Taylor (1984) 
water has a reflectance of 0.10. It appears that the 
conditions required for horizon brightening are not satisfied 
at this site. 
All the models tested had been devised and previously 
verified using only fixed surfaces. When applied to the 
two-axis system in this study, the models all underestimated 
the amount of diffuse radiation. The probable explanation 
for this is that the proportion of diffuse radiation coming 
from the direction of the sun is greater than the model 
estimate. This might also explain why the fixed axis showed 
a definite seasonal effect, with more diffuse radiation than 
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the estimates f rorn the models would indicate for the winter 
season. Lower sun elevations with the distribution of the 
diffuse radiation shifted to a lower position of the sky, 
would cause a south facing surface to receive more radiation 
than the model predicts. 
A possible solution to the underestimation of diffuse 
radiation for the two-axis system would be to develop a new 
model where enhancement coefficients were determined from the 
insolation data base for the two axis system. Based on the 
Hay model, where the diffuse radiation on the horizontal is 
the sum of the circurnsolar radiation corning from the sun 
direction and of the uniform diffuse radiation coming from an 
isotropic sky condition, the equation would be of the 
following form. 
The anisotropy index,_ kp, would be d
1
et.,ermined by a least 
squares data fitting procedure s~mil~ar to that carried out 
by Perez. kp would be a function of parameters similiar to 
the Perez model and set up in a sirniliar matrix form. 
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Unlike the Perez model, which required 8 pyranometers 
and 1 pyrheliometer to determine the coefficients, this model 
would require 2 pyranometers, one for total normal and one 
for total horizontal, and 1 pyrheliometer for direct normal. 
It is anticipated that a model derived in this manner 
would be suitable only for tracking or south facing surfaces 
inclined at fairly low angles. Other models claim all 
purpose applications. 
APPENDIX 
The geometric relationship between a surface and the 
direct normal radiation corning from the direction of the sun 
can be described in terms of several angles. Included in 
this appendix are expressions as presented by Duffie and 
Beckman (1980) that are used to describe these angles. 
Eguation of Time (minutes) 
E=9.87 sin 2B - 7.53 cos B - 1.5 sin B 
where B=360(n-81)/364 
n=day of the year 
Solar Time (0-24 hours) 
solar time=standard tirne+(4(Lst-Lloc)+E)/60 
where Lst=standard meridian for local time zone 
Lloc=longitude of location in degrees west 
Hour Angle (degrees) 
w = 15(solar time-12) 
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Declination Angle (degrees) 
o =23.45 sin [360 284+n J --------
365 
Zenith Angle 
cos e z=cos 4> cos 6 cos w +sin 4> sin 6 
where 4> =!attitude 
Solar Azimuth 
sin Y =cos 6 sin w /sin e z 
Suface Solar Azimuth 
y = y - ~ s 
where ~ is surface azimuth angle from 
south, east negative, west positive 
Incident Angle 
cos e =sin e zcos Y ssin ~ +cos e z cos~ 
where ~ =slope of surface from horizontal 
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Ground Reflected Radiation 
IR=IH(l-cos ~) p /2 
where IH is total radiation on a tilted surface 
p is reflectivity or surface albedo 
Total Radiation on a Tilted Surface 
IT=IoNCOS e +IdTE+IR 
where r 0 Ncose is the contribution of direct 
normal radiation and 
IdTE is the diffuse radiation estimated 
on the surface by one of the diffuse 
radiation models 
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